The SH2-SH3 adaptor protein Crkl has been implicated in the signal transduction pathways of several membranebound receptors. Tyrosine phosphorylation of proteins associated with such signalling complexes can generate binding sites for the Crkl SH2-domain and can recruit proteins constitutively bound to Crkl via the Crkl SH3 domain into such complexes. In the current study we show that Crkl, but only a minor amount of the related Crk, form constitutive complexes in vivo with guanine nucleotide exchange factor C3G in 3T3 ®broblasts. Adhesion of both normal and transformed cells to ®bronectin or other extracellular matrix proteins consistently induces the tyrosine-phosphorylation of C3G. Adhesion-induced tyrosine phosphorylation of C3G is dependent on an intact cytoskeleton and peaks at 5 ± 10 min after attachment. In contrast, 3T3 cells stably transfected with Bcr/Abl P210 show a prominent reduction in the amount of C3G complexed to Crkl and do not exhibit tyrosine-phosphorylation of C3G upon spreading and attachment. These data establish that integrin-mediated cell adhesion results in Crkl-mediated tyrosine phosphorylation of C3G, a pathway which can be disrupted by Bcr/Abl.
The SH2-SH3 adaptor protein Crkl has been implicated in the signal transduction pathways of several membranebound receptors. Tyrosine phosphorylation of proteins associated with such signalling complexes can generate binding sites for the Crkl SH2-domain and can recruit proteins constitutively bound to Crkl via the Crkl SH3 domain into such complexes. In the current study we show that Crkl, but only a minor amount of the related Crk, form constitutive complexes in vivo with guanine nucleotide exchange factor C3G in 3T3 ®broblasts. Adhesion of both normal and transformed cells to ®bronectin or other extracellular matrix proteins consistently induces the tyrosine-phosphorylation of C3G. Adhesion-induced tyrosine phosphorylation of C3G is dependent on an intact cytoskeleton and peaks at 5 ± 10 min after attachment. In contrast, 3T3 cells stably transfected with Bcr/Abl P210 show a prominent reduction in the amount of C3G complexed to Crkl and do not exhibit tyrosine-phosphorylation of C3G upon spreading and attachment. These data establish that integrin-mediated cell adhesion results in Crkl-mediated tyrosine phosphorylation of C3G, a pathway which can be disrupted by Bcr/Abl. Keywords: C3G; Crkl; integrin; Bcr/Abl P210 The Crk adaptor protein family is composed of Crkl (ten Hoeve et al., 1993) and two splicing variants of the Crk gene, CrkI and CrkII (Matsuda et al., 1992) . The 38-kDa Crkl protein consists of an SH2 domain followed by two SH3 domains (ten Hoeve et al., 1993) and is expressed ubiquitously throughout adulthood and embryogenesis (de Jong et al., 1995a) . Shortly after the fortuitous cloning of Crkl, evidence has accumulated suggesting an important role for Crkl in the development of Philadelphia (Ph)-chromosome positive leukemia. Crkl was found to be abnormally constitutively tyrosine phosphorylated and a major in vivo substrate of the deregulated tyrosine kinase Bcr/ Abl, the oncoprotein causing Ph-positive leukemia (ten Hoeve et al., 1994a,b; Oda et al., 1994; Nichols et al., 1994) . Many of the in vivo associations between the Crkl SH2 domain and its cellular targets were initially characterized in Bcr/Abl-transformed cells. The Crkl SH2 domain recognizes speci®c phosphotyrosinecontaining binding sites present in p120Cbl (de Jong et al., 1995b; Sattler et al., 1996) , paxillin (Salgia et al., 1995) , p130Cas Petruzelli et al., 1996) and p130Cas-related protein Hef1 (de Jong et al., 1997a; Manie et al., 1997; Sattler et al., 1997) . Normally, these proteins are inducibly tyrosinephosphorylated after activation of integrin receptors, and both paxillin and p130Cas are located at cellsubstratum contact sites known as focal adhesions (Petruzelli et al., 1996; Manie et al., 1997; Sattler et al., 1997; Turner, 1994; Nojima et al., 1995; Vuori et al., 1996; Harte et al., 1996) .
Similar to Crk, the amino-terminal SH3 domain of Crkl interacts in vitro and in vivo with guanine nucleotide exchange factors (GEFs) SOS and C3G, and tyrosine kinase c-Abl and Bcr/Abl (ten Hoeve et al., 1994a,b; Knudsen et al., 1995; Feller et al., 1995; Sawasdikosol et al., 1995; Reedquist et al., 1996; Senechal et al., 1996; de Jong et al., 1997a,b) . Multiple proline-rich binding sites located in C3G are high anity ligands of both the Crk and Crkl aminoterminal SH3 domains Knudsen et al., 1994; Tanaka et al., 1994) . Thus, the Crkl/Crk adaptor proteins may play a role in the direction of exchange factors for Ras family members to subcellular compartments upon tyrosine-phosphorylation of speci®c proteins at such locations.
The induced association of Crkl with proteins such as paxillin and p130Cas, which became tyrosinephosphorylated during integrin-linked signaling, in combination with the previously demonstrated binding of Crkl to C3G, prompted us to examine interactions of C3G with Crk family members during integrinmediated adhesion in NIH3T3 ®broblasts. Cells were either kept in suspension or incubated on plastic dishes coated with ®bronectin or poly-L-lysine. To compare Crkl and Crk immunoprecipitates, similar anti-sera were used that recognize their C-terminal residues. Anti-phosphotyrosine immunoblot analysis of such Crk and Crkl immunoprecipitates revealed that adhesion to ®bronectin stimulated a rapid tyrosinephosphorylation of several proteins that complexed with Crk and Crkl ( Figure 1a , lanes 2 and 5). These associated proteins were not, or only present in minor amounts, in precipitates from cells kept in suspension or attached to poly-L-lysine (lanes 1 and 4, or 3 and 6, respectively). They included very prominent phosphorylated proteins of approximately 130 kDa, which may represent p130Cas (Petruzelli et al., 1996; Manie et al., 1997; Vuori et al., 1996; Matsuda et al., 1991) and a less prominently phosphorylated protein doublet of 145 kDa (pp145). pp145 was speci®cally detected in the Crkl immunoprecipitation, and albeit in substantially less quantity, in the Crk immunoprecipitation, of cells attached to ®bronectin (Figure 1a, lane 5) . The same membrane reprobed with anti-Crkl or anti-Crk antibodies showed that equivalent amounts of immunoprecipitated Crkl or Crk were loaded in each lane (Figure 1c and d) .
In vitro, both the Crkl and Crk amino-terminal SH3 domain bind avidly to the proline-rich sites in C3G . The C3G protein is expressed as a doublet of about 145 kDa and 155 kDa molecular size (Tanaka et al., 1994; Knudsen et al., 1994) , which are the products of two dierently spliced mRNAs (Knudsen et al., 1994) , and depending on the separation in SDS ± PAGE, these two isoforms are more or less distinguishable. To con®rm that the Crk family members interact with C3G in vivo in these cells, membranes were probed with C3G antibodies. Irrespective of the cell treatment, C3G was clearly detected in comparable amounts in all Crkl immunoprecipitates ( Figure 1b , lanes 4 ± 6), whereas in contrast, Crk precipitated only a small amount of C3G in similar immunoprecipitates ( Figure 1b , lanes 1 ± 3). The presence of C3G in these precipitates has been con®rmed using a dierent C3G antisera (Knudsen et al., 1994, data not shown) . This indicates that of the two related Crk and Crkl proteins, Crkl is predominantly associated with C3G in ®broblast cells. Furthermore, these latter data are consistent with other studies in T and B cells (Sawasdikosol et al., 1995; Smit et al., 1996) which implicate a divergent physiological function of these related adaptor proteins.
Although to date there have been no reports of tyrosine-phosphorylation of C3G, these results also suggested that the pp145 speci®cally co-immunoprecipitated with Crkl but not with Crk in ®bronectin-adhering cells could be C3G. To investigate this, lysates prepared from NIH3T3 cells either kept in suspension or adhered to ®bronectin or poly-L-lysine for various time periods were subjected to anti-C3G immunoprecipitation followed by immunoblot analysis with anti-phosphotyrosine and anti-C3G antibodies ( Figure 2a ). This demonstrated that the 145 kDa protein C3G was phosphorylated on tyrosine after cell attachment to ®bronectin ( Figure 2a , lanes 2 ± 4). The association was speci®c for integrin-mediated cell adhesion since it was not detected in cells kept in suspension or attached to poly-L-lysine ( Figure 2a , lanes 1, 5 and 6). Anti-C3G immunoblot analysis showed that equal amounts of C3G were immunoprecipitated from the lysates (lower panel). To unambiguously demonstrate that C3G is phosphorylated on tyrosine, and not another co-precipitating protein, C3G was immunoprecipitated, denatured and again precipitated with anti-C3G antibodies (Figure 2b) . Antiphosphotyrosine immunoblotting demonstrated that C3G from ®bronectin-attached cells, but not from non-adhered cells, co-precipitated with other tyrosinephosphorylated proteins (Figure 2b , lanes 4 and 3, respectively), whereas after denaturing, re-immunoprecipitated C3G from ®bronectin-attached cells was the single protein detected by the anti-phosphotyrosine antibodies (lane 6). Finally, preincubation of the immunoblots with phosphotyrosine, but not phosphothreonine or phosphoserine, blocked the binding of anti-phosphotyrosine antibodies, thereby con®rming the speci®city of C3G tyrosine-phosphorylation (Figure 2c ). Together these data provide evidence that upon cell adhesion, C3G itself is tyrosine-phosphorylated.
To determine whether an intact actin cytoskeleton is required for the observed phosphorylation of C3G, NIH3T3 cells spreading onto ®bronectin-coated plates Figure 1 C3G is constitutively complexed to Crkl but not Crk in NIH3T3 cells. NIH3T3 cells grown to con¯uence were serumstarved for 16 h in Dulbecco's modi®ed medium (DMEM) containing 1% normal calf serum. Cells were trypsinized, diluted with DMEM containing 0.5% bovine serum albumin (BSA) and washed twice with DMEM/0.5% BSA. Bacterial dishes were coated overnight at 378C with ®bronectin (10 mg/ml, Life Technologies, Inc.) or poly-L-lysine (40 mg/ml, Sigma). Suspended cells were kept at 378C for 30 min, prior to a 15 min incubation on ®bronectin (FN)-or poly-L-lysine (PLL)-coated plates or were kept in suspension for 15 min (NA). Cellular lysates were immunoprecipitated as described (ten Hoeve et al., 1994b) with polyclonal Crk (lanes 1 ± 3) or Crkl antibodies (lanes 4 ± 6) (both from Santa Cruz Biotechnology), were separated on 7.5% SDS-polyacrylamide gels and transferred to polyvinylidene membranes. Precipitates were analysed as described (de Jong et al., 1995b) using monoclonal antibody PY20 recognizing phosphotyrosine (a), or with anti-C3G polyclonal (b), anti-Crkl 5 ± 6 monoclonal (c) or anti-Crk monoclonal (d) antibodies. In a, the locations of Crkl, Crk, the immunoglobulin heavy chain (IgH) and pp145 are indicated to the right. Molecular mass markers are shown along the left border. Note that the Crk monoclonal antibody (Transduction Laboratories) cross-reacts with Crkl were inhibited with cytochalasin B, a substance that eectively disrupts the actin cytoskeleton network. Pretreatment of cells with cytochalasin B prior to attachment to ®bronectin prevented cell spreading and diminished C3G tyrosine-phosphorylation in a dose-dependent manner (Figure 3a) . These results indicate that cell adhesion-induced tyrosine phosphorylation of C3G requires an intact actin cytoskeleton.
We examined if other cell adhesion proteins can elicit a similar tyrosine phosphorylation of C3G in 3T3 ®broblasts ( Figure 3b) . As compared to attachment to ®bronectin (lanes 4 and 5), cell adhesion of NIH3T3 ®broblasts to laminin (lanes 8 and 9) and, to lesser extent, vitronectin and collagen type I (lanes 6, 7, 10 and 11) led to an increase in C3G tyrosine phosphorylation. Virtually no phosphorylation of C3G was observed in non-attached cells or cells attached to poly-L-lysine or collagen type IV (lanes 1 ± 3, 12 and 13). These data demonstrate that dierent extracellular matrix proteins mediating cell attachment through engagement of dierent integrin receptors (Schwartz et al., 1995) are capable of inducing C3G tyrosine phosphorylation. Thus C3G phosphorylation constitutes a speci®c signal transduction response triggered by integrin receptor activation.
Crkl is recruited into a complex with the focaladhesion associated docking proteins p130Cas, p120Cbl or p110Hef1 after integrin ligation (Petruzelli et al., 1996; Sattler et al., 1997; Manie et al., 1997) , which brings Crkl into the vicinity of tyrosine kinases associated with such complexes. Upon integrinmediated adhesion and spreading, Crkl appears to remain constitutively associated with C3G and the amount of protein in complex does not seem to be signi®cantly modi®ed (Figure 1b ), in agreement with results obtained in haematopoietic cell lines . Therefore, it is reasonable to assume that the tyrosine-phosphorylation of C3G is caused by its positioning in the vicinity of a tyrosine kinase associated with focal adhesions. A candidate for such kinase is c-Abl, since it is recruited to early focal contacts and is activated in response to ®broblast cell adhesion (Lewis et al., 1996) . However, only a small and invariable quantity of cellular Abl was coprecipitated with Crkl upon ®broblast attachment to ®bronectin (data not shown). Therefore, a tyrosine kinase other than Abl could be responsible for the observed C3G phosphorylation; the use of an Abl7/7 2) were subjected to a single anti-C3G immunoprecipitation (lanes 3 and 4) or were immunoprecipitated, denatured by boiling for 5 min in 10 mM Tris-HCl, pH 7.5%, 2% SDS, and again immunoprecipitated with anti-C3G antibodies (lanes 5 and 6) after a 40-fold dilution in lysis buer. Blots containing these precipitates were reacted with anti-phosphotyrosine, subsequently stripped and reprobed with anti-C3G antibodies, as indicated below the panels. The eect of tyrosine-phosphorylation on C3G is presently under investigation. It could involve the generation of docking sites on C3G for SH2 or PTB binding domains of other proteins, could aect the level of guanine nucleotide exchange factor activity or its speci®city towards certain small GTPases. Although the exchange factor Vav was initially proposed to have activity towards Ras, subsequent experiments revealed that it becomes activated upon tyrosine phosphorylation and acts as an exchange factor for Rac (Crespo et al., 1997) . Similarly, the range of substrates for C3G is not entirely clear and could be modi®ed through tyrosine-phosphorylation. Although the carboxy terminal end of C3G has homology to guanine nucleotidereleasing proteins for Ras and suppresses loss of CDC25 (an exchange factor for Ras) function in yeast (Tanaka et al., 1994) , as a whole it has very little activity toward H-Ras or N-Ras, but instead is active towards Rapl (Gotoh et al., 1995) . Recently, exchange factor activity of C3G toward R-Ras was reported (Gotoh et al., 1997) . Ras and R-Ras have been shown to be important as suppressors of integrin activation and as stimulators of integrin binding, respectively (Hughes et al., 1997; Zhang et al., 1996) .
To investigate whether tyrosine-phosphorylation of C3G was cell-type speci®c, lysates of several other cell Figure 3 Tyrosine-phosphorylation of C3G is dependent upon an intact actin cytoskeleton and is induced by cell adhesion to dierent extracellular matrix proteins. C3G precipitates were blotted and reacted with anti-pTyr (upper panels) or C3G (lower panels) antibodies. (a) Trypsinized, washed NIH3T3 cells were incubated at 378C for 15 min, then incubated with 0, 2.5 or 25 mM cytochalasin B for 15 min. Cells were kept in suspension (NA) or incubated on ®bronectin-coated plates (FN) for 15 min prior to lysis and immunoprecipitation with C3G antibodies. (b) Similar as described in Figure 1 , cells were allowed to attach for indicated times on bacterial plates coated overnight at 378C with poly-L-lysine (PLL), ®bronectin (FN), vitronectin (VN, 10 mg/ml, Life Technologies, Inc.), laminin (LAM; 10 mg/ml, Life Technologies, Inc.), collagen type I (COL I; 40 mg/ml in 0.02 N HAc, Collaborative Products) or collagen type IV (COL IV; 40 mg/ml in 0.02 N HAc, Life Technologies, Inc) Figure 4 Phosphorylation of C3G on tyrosine following attachment to ®bronectin is common in other cell lines but is not observed in Bcr/Abl expressing cells. (a) Cellular lysates were prepared from COS-1, CCD-11lu and CPAE cells. Cell lines were obtained from the ATCC. Lysates prepared from non-adhered (NA) or ®bronectin-attaching cells (5 and 12 min; FN) were immunoprecipitated with C3G antibodies and analysed using anti-phosphotyrosine antibodies (top), followed by stripping and analysis using C3G antibodies (bottom). (b) Lysates of P210Bcr/Abl-transformed 3T3 cells were analysed as described in panel A. Samples include those from cells which were non-adhering, adhering to poly-L-lysine for 20 min, and to ®bronectin for 5 and 20 min. Non-transfected 3T3 cells analysed in parallel serve as a reference. (c) Samples described in panel B were subjected to immunoprecipitation using antiCrkl antibodies and the precipitates analysed using anti-C3G polyclonal (top panel) or anti-Crkl monoclonal (bottom) antibodies lines were prepared. These included the highly transformed SV-40 expressing COS-1 cell line (African green monkey kidney), CCD-11lu (normal human lung ®broblast) and CPAE (normal bovine artery endothelial) cells. All lines tested adhered to ®bronectin and this caused an increased tyrosinephosphorylation of C3G, although the extent and persistence of phosphorylation in time varied between cell lines (Figure 4a ). These results indicate that the tyrosine-phosphorylation of C3G during integrinmediated attachment to ®bronectin is a consistent normal cellular feature but is also found in cells which are highly transformed.
In contrast, a surprisingly dierent result was obtained with 3T3-P210, a stable transfectant 3T3 cell line transformed by the P210 Bcr/Abl protein (de Jong et al., 1995b) . These cells expressed levels of C3G comparable to non-transfected NIH3T3 cells ( Figure  4b ). However, although these cells visibly adhered to and spread on ®bronectin, there was a complete lack of induction of C3G tyrosine-phosphorylation upon adherence (Figure 4b , upper panel, compare lanes 3 and 6). A tyrosine-phosphorylated protein in 3T3-P210 cells co-precipitated with the C3G antibodies, but this protein band does not superimpose on the anti-C3G immunoreactive bands in the lower panel ( Figure 4b ) and thus represents a cellular protein other than C3G. The level of Crkl protein in the P210 Bcr/Abltransformed 3T3 cells was comparable to that of parental NIH3T3 cells (Figure 4c, bottom panel) . However, the amount of C3G that could be coimmunoprecipitated with Crkl was strikingly reduced in the Bcr/Abl-expressing cells (Figure 4c , upper panel, compare lanes 1 and 5, or 3 and 6). This experiment demonstrates, that in Bcr/Abl-transformed 3T3 cells, as compared to parental 3T3 cells, the constitutive association of Crkl with C3G is signi®cantly decreased and that concomitantly, tyrosine-phosphorylation of C3G induced by adherence is reduced to an undetectable level.
The lack of tyrosine phosphorylation of C3G during integrin stimulation could be explained, if Bcr/Abl expressing cells have reduced phosphotyrosine-binding sites for the Crkl SH2 domain. According to this model, Crkl would not be able to tether C3G in the vicinity of the tyrosine kinases which phosphorylate it because there are no suitable phosphotyrosine sites for its SH2 domain to bind to. However, it has been demonstrated that to the contrary, Bcr/Abl expressing cells exhibit constitutive tyrosine-phosphorylation of several Crkl SH2-binding proteins associated with focal adhesions (de Jong et al., 1995b (de Jong et al., , 1997a Sattler et al., 1996 Sattler et al., , 1997 Salgia et al., 1995 Salgia et al., , 1996 Petruzelli et al., 1996; Manie et al., 1997) . Also, this model does not explain the reduced association between C3G and Crkl.
Therefore it is more likely that the SH3 domain of Crkl is the key component. Both C3G and Bcr/Abl have SH3 binding sites in their primary sequence and have been shown to bind to the Crkl SH3 domain in vivo (ten Hoeve et al., 1994a,b; Knudsen et al., 1995; Feller et al., 1995; Sawasdikosol et al., 1995; Reedquist et al., 1996; Senechal et al., 1996; de Jong et al., 1997a, b) . Presumably, these proteins bind Crkl in a mutually exclusive manner and thus compete with each other for the same binding domain on Crkl. After Bcr/Abl transformation, Crkl is sequestered by Bcr/Abl and this complex will subsequently be stabilized by the persistent tyrosine-phosphorylation of other bound proteins.
It has been recognized for some time that progenitor cells from patients with chronic myeloid leukemia exhibit premature release into the circulation and show abnormal proliferation which may be related to altered stromal-precursor interactions. Evidence has accumulated that these abnormalities are associated with defects in integrin signaling (reviewed in Verfaille et al., 1997) and Bcr/Abl expressing cell lines show increased integrin activation and motility (Bazzoni et al., 1996; Salgia et al., 1997) . The strikingly decreased association of Crkl with C3G could provide a mechanism by which downstream signaling events associated with integrin activation are perturbed, by disrupting the recruitment of C3G to integrin signaling pathways.
